The study presented in this paper aims to evaluate the transient performance of a waste heat recovery Rankine cycle based system for a heavy duty truck and compare it to steady state evaluation. Assuming some conditions to hold, simple thermodynamic simulations are carried out for the comparison of several fluids. Then a detailed first principle based model is also presented. Last part is focused on the Rankine cycle arrangement choice by means of model based evaluation of fuel economy for each concept where the fuels savings are computed using two methodologies. Fluid choice and concept optimization are conducted taking into account integration constraints (heat rejection, packaging . . . ). This paper shows the importance of the modeling phase when designing WHRS and yields a better understanding when it comes to a vehicle integration of a Rankine cycle in a truck.
drawn and directions for future research work are discussed. on the latter and limits the amount of waste heat that can be converted 79 into useful work. As such, complete system analysis is necessary to find the 80 optimal way of recovering heat from a vehicle. dimension. This is required to represent real performance of the components 118 constituting the system either in steady state or in transient. model is based on the enthalpy changes in the process described in section 125 3.1. This model is able to perform either subcritical or supercritical cycle,
126
which avoids the vaporization process and leads to a smaller system and a 127 better heat recovery process [? ] . Those relations are verified as long as 128 the heat losses in the system and in the components are neglected. The 0D model used is given by the system of equations (1):
(1) where
Q gas =ṁ gas c pgas * (T gas in,boiler − T gas out,boiler ),
(2)
In table 1 one can find the simulation model parameters, and the abbrevia-131 tions are given in the appendix.
132
In addition to that, a routine verifying that the pinch point (P P ) is respected 133 during the evaporation process.
134
Model parameters produced by the expansionẆ exp , the power consummed by the compression 139Ẇ pump and the net output power N OP which are defined as: 
3.3.2. Working fluid pump
150
The working fluid pump is simply represented by a fixed displacement and isentropic efficiency. The volumetric efficiency is a function of the outlet pressure. This law is identified thanks to experimental data:
The 
170
• The transfer fluid is always considered in single phase, i.e. no conden-sation in the EGR/exhaust gases is taken into account.
172
• The conductive heat fluxes are neglected since the predominant phe-
173
nomenon is the convection.
174
• All HEX are represented by a straight pipe in pipe counterflow heat 175 exchanger of length L.
176
• Fluid properties are considered homogeneous in a volume.
177
• Pressure dynamics is neglected since it is very fast compared to those 178 of heat exchanger.
179
Governing equations. Boiler(s) and condenser(s) models are based on mass
180
and energy conservation principles.
181
• Working fluid (internal pipe):
(6)
• Internal pipe wall: An energy balance is expressed at the wall between the working fluid and the gas and is expressed as follows:
• Gas side (external pipe): The energy conservation is then formulated under the following form:
where the convection on the external side is used to represent the heat 183 losses to the ambient.
184
• External pipe wall: As for the internal pipe an energy balance is expressed between the gas and the ambient:
In equation (7) and (9) the convection heat flow rate (Q conv ) is expressed as:
where j = g, f, amb and k = int, ext.
Furthermore, to complete the system, one need boundary and initial condi- 
The initial conditions for the gas and wall temperatures and working fluid 
Heat transfer and pressure drop. To model the convection from the transfer fluid to the pipe walls and from the internal pipe to the working fluid, a heat transfer coefficient (α) is needed. The convection from a boundary to a moving fluid is usually represented by the dimensionless number Nusselt (N u) which is the ratio of convective to conductive heat transfer.
where l represents a characteristic length and is, in this case, the hydraulic diameter. Numerous correlations to approach this number can be found in the literature and are usually derived from experiments, see for example [? ] . In single phase, the Gnielinski correlation is chosen for both fluids. In two phase, Chen (for evaporation) and Shah (for condensation) correlations are used. Pressure drop in both fluids are taken into account in order to simulate the real performance of the system. The pressure drop can be split into three main contributors: Table 2 shows the different correlations used depending on flow conditions.
195
In laminar single phase, the assumption of a constant heat flux at the wall The fluid flowṁ through the valve is modeled using a compressible valve equation of the form:ṁ
where the compressibility coefficient φ is defined as:
where γ f is the ratio of the specific heats of the working fluid and depends on 200 the temperature and the pressure. Equation (23) 
And the isentropic efficiency is calculated according to the following relation:
where
Model parameters are fitted using data from supplier and similarity relation In order to describe the vehicle cooling system, the number of transfer unit (NTU) approach is used. It is commonly adopted when it comes to single phase heat exchanger modeling. For an air cooled radiator the following relations are used:Q
For a given geometry, ε can be calculated using correlations based on the heat 209 capacity ratio. By considering parallel flow configuration for the radiators,
210
the effectiveness can be written:
with
3.3.7. Coolant pump and fan
212
The coolant pump model used is a map-based model function of engine speed and pressure rise. This one is sized to deliver enough subcooling even at high engine load. The engine fan is also a map-based model delivering a given mass flow at a given speed. The fan consumption is calculated according to:
where the coefficients C f an and G ratio are dependent on the fan model and vehicle. The mass flow rate blown by the fan is mapped according to data from supplier and depends on the fan speed and atmospheric conditions. The air mass flow rate going through the cooling package (ṁ air ) is a combination of the natural air mass flow rate (corresponding to a fraction of the vehicle speed) and the forced mass flow rate (corresponding to the mass flow blown by the fan).ṁ 
System performance evaluation

315
The criterion used for the performance evaluation under steady state and dynamic driving conditions, is the total net reinjected power to the conventional driveline. This is done by taking into account the producer (WHRS expander) and different consumers (cooling fan, WHRS pump and WHRS coolant pump) and assuming them to be mechanically driven (this is not always true for the pumps but efficiencies are detuned to take into account the mechanical to electrical conversion). A complete vehicle model integrating engine, EATS, transmission, cooling package, WHRS and road environment is used to simulate the total vehicle approach and calculate the power needed to drive the vehicle. The performance criterion (P C) is then calculated as the ratio of this reinjected power to the engine power:
where the engine power (Ẇ eng ) taking into account the mechanical auxiliaries consumption mounted on it and the increase in exhaust backpressure (due to the exhaust evaporator). The vehicle gross weight is assumed constant and equal to 36 tons which intends to represent the average load on a long haul truck. The performance criterion (P C) over the different steady state operating points or driving cycles is then calculated by summing the weighted P C on each points/cycles: , 7, 8, 9) . Figure 9 shows the schematic of the discretized model.
340 Table 5 and 6 show respectively steady state and dynamic prediction errors.
341
Note that in both cases the relative error is computed according to the max-342 imum temperature difference between the heat exchanger bounds (usually
T w int i−1
T w int n−1
Figure 9: HEX model schematic The turbine expander model presented in 3.3.5 is fitted thanks to supplier 351 data. Figure 10 by this study remains the lower fuel savings when simulating the system in 447 dynamic instead of steady state, which can be as big as 50% for the systems 448 using exhaust as heat source. This is due to two main reasons:
449
• the exhaust after treatment system, which has a very important con-450 stant time, causes big temperature drop during fast highly loaded en-451 gine conditions where a lot of heat is supposed to be available.
452
• the non optimal design of the tailpipe boiler used in the simulation is not fed with working fluid and therefore the power production is null. Anyway, similarly to the previous results in steady state, the best system in 479 terms of fuel savings remains the EGR and exhaust in parallel with cooling 480 configuration 1 that brings 2.2% savings on the overall weighted driving cycle.
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Configuration In addition to that, it can be seen that the relative performance are kept from 482 arrangement to arrangement (compared to section 5.2.2). 
